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Abstract

Intestinal ischemia-reperfusion (I/R) occurs in various clinical situations and causes local and 

remote organ injury, especially in the lungs, leading to significant morbidity and mortality. 

Maintenance of mitochondrial biogenesis is essential for cell survival, and is regulated in part by 

sirtuin 1, an energy-sensing enzyme. We hypothesized that sirtuin 1 activation with SRT1720 

would reduce local and remote organ injury after intestinal I/R. Intestinal I/R was induced by 

occlusion of the superior mesenteric artery of adult male C57BL/6 mice for 45 min, followed by 

reperfusion for 4 h. SRT1720 or vehicle was injected intravenously at the time of reperfusion. 

Blood, small intestine, and lung tissues were collected for analysis. SRT1720 treatment of I/R 

mice resulted in a 57% increase in protein levels of succinate dehydrogenase (SDH), an index of 

mitochondrial mass, and a 120% increase in mRNA levels of mitochondrial transcription factor A 

(TFAM), a marker for mitochondrial biogenesis. The microscopic architecture and apoptosis of 

the gut tissue was improved in the SRT1720-treated I/R mice. SRT1720 decreased intestinal 

mRNA levels of TNF-α by 60% and inducible nitric oxide synthase (iNOS) to baseline after I/R. 

Systemic inflammation, as determined by serum IL-6, was reduced in treated mice. Lung injury, 

as measured by histologic architecture and myeloperoxidase activity, and lung apoptosis were also 

improved after SRT1720 treatment. SRT1720 preserved mitochondrial biogenesis and mass, 

leading to inhibition of inflammation and oxidative stress, thereby protecting against intestinal 

I/R-induced injury. Thus, the sirtuin 1-mediated pathway is a promising target for treatment of 

intestinal I/R injury.
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INTRODUCTION

Intestinal ischemia is a surgical emergency with mortality rates up to 50-80% (1). The 

etiology of intestinal ischemia can be classified as obstructive or non-obstructive, with 

obstruction to the superior mesenteric artery being the most common (1). Restoration of 

blood flow to the affected bowel is one of the main objectives of therapy, however, this may 

lead to ischemia-reperfusion (I/R) injury. Intestinal I/R injury is similar to I/R of other 

organs in cellular pathobiology, which is characterized by cellular energy deficits leading to 

initial injury, followed by a cascade of inflammatory and oxidative injury (2). In addition, 

intestinal I/R is characterized by a dramatic systemic inflammatory response and remote 

organ injury (3). Acute lung injury has been consistently associated with intestinal I/R injury 

(4, 5). The pathophysiology of lung injury is mediated by systemic inflammation secondary 

to the initial insult, which in turn causes recruitment of inflammatory cells, local endothelial 

cell injury, and smooth muscle dysfunction (6, 7). Several of the pathophysiologic features 

of experimentally induced acute lung injury resemble those of the acute respiratory distress 

syndrome, which is associated with significant mortality (8).

Ischemic injury is commonly associated with mitochondrial injury which results in 

persistent energy deficits despite reperfusion (9). The damage to enterocyte mitochondria 

induced by intestinal I/R can be irreversible despite short periods of ischemia (10). 

Therefore, a strategy aimed at regenerating the cellular mitochondrial pool, mitochondrial 

biogenesis, may prove protective in the setting of intestinal I/R.

Sirtuins are seven evolutionarily conserved mammalian proteins homologous to the silence 

information regulator-2 (Sir-2) enzyme in yeast (11). Sir-2 has been shown to mediate 

longevity during calorie restriction in yeast (11). Sirtuin 1 (Sirt1) is an energy-sensing 

deacetylase which depends on NAD+ as a substrate for enzymatic activity (11). It is 

ubiquitously expressed and is localized to the nucleus and cytosol (11). Sirt1 is therefore 

thought to mediate cellular survival during conditions of energy scarcity. Among its multiple 

functions, Sirt1, has been shown to enhance mitochondrial biogenesis and inhibit apoptosis 

and inflammation (12). Consequently, it has been regarded as a promising therapeutic target 

in other I/R models (12, 13). The increasing interest in the therapeutic potential of Sirt1 in 

aging and chronic metabolic diseases has led to the development of the sirtuin activating 

compounds (STACs) (14), which were demonstrably safe in phase I and II clinical trials 

(15). SRT1720 was among the first STACs described and has shown marked activation and 

potency towards Sirt1, compared to the other STACs (14).

In this study, we hypothesized that Sirt1 activation would attenuate local and remote organ 

injury after intestinal I/R. To test this hypothesis, we used a well-established murine model 

of superior mesenteric artery occlusion (4). Animals were post-treated with SRT1720 at the 

time of reperfusion. The effects of SRT1720 on intestinal mitochondrial mass, organ injury, 

and inflammation were assessed after I/R. Further, we investigated the effects of 

pharmacologic Sirt1 activation on systemic inflammation and lung injury.

Hansen et al. Page 2

Shock. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATERIALS AND METHODS

Experimental animals

Adult male C57BL/6 mice (age 8–10 weeks, 20–25g, Taconic Biosciences, Albany, NY) 

were housed in a temperature-controlled room on a 12-h light-dark cycle. They were fed a 

standard laboratory diet. This study was approved by the Institutional Animal Care and Use 

Committee of the Feinstein Institute for Medical Research and experiments were performed 

in accordance with National Institute of Health guidelines for the use of experimental 

animals.

Animal model of intestinal I/R

Mice were randomly assigned to three groups: control, vehicle (normal saline with 10% 

DMSO) or SRT1720 treatment (n=4–7/group). Intestinal I/R was performed as previously 

described (4). Briefly, animals were placed on a heating pad and anesthetized with 2.5% 

inhalational isoflurane. The abdomen was shaved and cleaned with 10% povidone-iodine 

wash followed by 70% ethanol. A 2–3 cm upper midline incision was made, the bowel was 

eviscerated, and the superior mesenteric artery (SMA) was dissected at its take-off from the 

aorta. A microvascular clip was placed on the SMA for 45 min, during which time the 

internal jugular vein was exposed and prepared for injection. After 45 min, the clip was 

removed, allowing reperfusion. Vehicle or SRT1720 (20 mg/kg body weight) was 

immediately injected via the internal jugular vein. A 0.5 ml bolus of normal saline was given 

i.p. before closure of the abdomen. Control mice did not undergo any intervention. Four 

hours after reperfusion, intestine and lung tissues were collected and blood was aspirated by 

inferior vena cava puncture. All samples were stored at −80°C before use.

Western blot analysis

Gut and lung tissue samples were homogenized and lysed using a sonic dismembrator in 

lysis buffer (10 mM Tris-HCl pH 7.5, 120 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 

and 0.1% sodium dodecyl sulfate) containing a protease inhibitor cocktail (Roche 

Diagnostics, Indianapolis, IN). Samples were centrifuged at 12,000 rpm for 15 min at 4°C 

and the supernatant was collected. The sample protein concentration was measured by Bio-

Rad protein assay kit (Bio-Rad, Hercules, CA). Samples (50 μg/well) were separated on 4% 

to 12% Bis-Tris gels and transferred to nitrocellulose membranes. Membranes were 

incubated with primary antibody against cleaved caspase-3 (Cell Signaling Technology, 

Beverly, MA), succinyl dehydrogenase (SDH), or β-actin (Santa Cruz Biotechnologies, 

Santa Cruz, CA). All protein bands were detected by species-specific fluorescence-labeled 

secondary antibodies and analyzed by the LI-COR Odyssey Fc Imager (LI-COR, Lincoln, 

NE).

Real-time polymerase chain reaction (qPCR) analysis

Total RNA was extracted from lung and gut tissue samples by homogenizing with a sonic 

dismembrator in TRIzol reagent (Invitrogen, Carlsbad, CA). The total RNA (3 μg) then 

underwent reverse transcription using murine leukemia virus reverse transcriptase (Applied 

Biosystems, Foster City, CA). A PCR reaction was carried out in a 25 μL final volume 

Hansen et al. Page 3

Shock. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing 0.5 μL of each forward and reverse primer, 5 μL cDNA, 6.5 μL H2O, and 12.5 μL 

SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). An Applied 

Biosystems 7300 real-time PCR machine was used for amplification under the thermal 

profile of 50°C for 2 min and 95°C for 10 min, followed by 45 cycles of 95°C for 15 sec and 

60°C for 1 min. Mouse β-actin mRNA levels were used for normalization. Relative 

expression of mRNA was calculated by the 2−ΔΔCt method, and results were expressed as 

fold change in comparison to control group. The sequences for the primers used in this study 

are as follows: mouse TFAM 5′-AACGCCTAAAGAAGAAAGCACAA-3′ (forward) and 

5′-GGTCTTTTTGGTTTTCCAAGCA-3′ (reverse); mouse TNF-α 5′-

AGACCCTCACACTCAGATCATCTTC-3′ (forward) and 5′-

TTGCTACGACGTGGGCTACA-3′ (reverse); mouse iNOS, 5′-

GGCAAACCCAAGGTCTACGTT-3′ (forward) and 5′-

GAGCACGCTGAGTACCTCATTG-3′ (reverse); mouse β-actin, 5′-

CGTGAAAAGATGACCCAGATCA-3′ (forward) and 5′-

TGGTACGACCAGAGGCATACAG-3′ (reverse).

Histological evaluation

Segments of proximal jejunum and lung tissue were collected after 4 h of reperfusion and 

stored in 10% formalin before fixing in paraffin. The gut and lung biopsies were sectioned 

into 4 μm cuts and stained with hematoxylin-eosin (H&E). Tissue injury was assessed in a 

blinded fashion using a semi-quantitative light microscopy evaluation. The severity of gut 

injury was scored by assessing villus-to-crypt ratio (normal ratio, 5:1), lymphocytic 

infiltration, epithelial degeneration/necrosis, erosion, glandular dilatation, and transmural 

changes (4). Three separate cross-sections from the intestines of 3 mice in each treatment 

group were scored. Each section contained 20–25 villi. The severity of lung injury was 

scored from 0 to 4 based on the presence of exudates, hyperemia/congestion, neutrophil 

infiltration, intra-alveolar hemorrhage/debris, and cellular hyperplasia (4).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Gut tissue sections were de-paraffinized and incubated with proteinase K. Slides were 

stained using a TUNEL kit (Roche Diagnostics, Indianapolis, IN), counterstained with 4′,6-

diamidino-2-phenylindole (DAPI, blue) and examined under a fluorescence microscope. 

Apoptotic cells fluoresced green and were counted per villus at 200× magnification.

Myeloperoxidase (MPO) activity assay

Lung tissue samples were homogenized in KPO4 buffer containing 0.5% hexa-decyl-

trimethyl-ammonium bromide. After centrifugation the supernatant was diluted in reaction 

solution, and the rate of change in optimal density for 30 seconds was measured at 460 nm 

to calculate MPO activity.

Measurements of transaminases, lactate dehydrogenase, and interleukin 6 (IL-6)

Whole blood samples were centrifuged at 7,000 rpm for 10 min and the serum was aspirated 

and stored at -80°C. Commercial assay kits from Pointe Scientific (Lincoln Park, MI) were 

used to measure the activity levels of aspartate aminotransferase (AST), alanine 
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aminotransferase (ALT), and lactate dehydrogenase (LDH). Serum IL-6 levels were 

determined by an enzyme-linked immunosorbent assay (ELISA) kit specific for mouse IL-6 

(BD Biosciences, San Diego, CA). The assays were carried out according to the 

manufacturer’s instructions.

Statistical analysis

All data are expressed as a mean ± standard error (SE) and compared by one-way analysis of 

variance (ANOVA) and the Student-Newman-Keuls (SNK) test. Differences in values were 

considered significant if P < 0.05.

RESULTS

SRT1720 increases mitochondrial biogenesis after intestinal I/R

We first determined the effect of SRT1720 treatment on the mitochondrial mass in the gut 

after I/R. SDH is an enzyme located at the inner mitochondrial membrane, which can be 

used as a surrogate for mitochondrial mass. The level of SDH protein in the gut was reduced 

by 28% at 4 h after I/R, compared to the control (Fig. 1A). Treatment with SRT1720 

increased SDH levels by 57% in comparison to the vehicle (Fig. 1A). We also examined the 

expression of mitochondrial transcription factor A (TFAM) which is a DNA binding protein 

that drives mitochondrial genome replication and is a downstream target of Sirt1. TFAM 

mRNA expression in the gut was not significantly changed after I/R, however administration 

of SRT1720 increased TFAM mRNA expression by 120%, even compared to the control 

(Fig. 1B). Thus, SRT1720 treatment effectively enhanced mitochondrial biogenesis in the 

gut after I/R.

SRT1720 decreases gut damage after intestinal I/R

We then examined whether stimulation of mitochondrial biogenesis by SRT1720 was 

associated with reduced gut injury induced by I/R. At 4 h after intestinal I/R, the gut 

histology showed mucosal damage with lifting of the villus epithelium and collapse of small 

vessels in comparison to the control (Fig. 2A). After treatment with SRT1720, the integrity 

of morphological structures and height of the villi were well-preserved in the gut, compared 

to the vehicle (Fig. 2A). Using semi-quantitative histological evaluation, the injury score of 

the SRT1720 treatment group was reduced by 51% in comparison with the vehicle group 

(Fig. 2B). We also examined the degree of apoptosis in the gut after I/R. By conducting the 

TUNEL assay on the gut tissue sections, we observed a significant increase in TUNEL-

positive cells (green fluorescence) in the vehicle group, to 19.0 ± 1.3 apoptotic cells per 

villus (Fig. 3A–B). However, there was a significant decrease in the number of apoptotic 

cells in the intestine of the SRT1720 treatment group, compared to vehicle (Fig. 3A–B).

SRT1720 reduces gut inflammation and oxidative stress after intestinal I/R

Induction of excessive inflammation and production of reactive oxygen species (ROS) are 

both important causes of tissue damage in I/R. To determine the local inflammatory 

response to intestinal I/R, tumor necrosis factor-α (TNF-α) levels were measured by RT-

PCR in gut tissue. The TNF-α mRNA level was increased by 6.6-fold at 4 h after intestinal 

I/R, compared to control mice (Fig. 4A). However, when mice were treated with SRT1720, 
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TNF-α levels were reduced by 60% compared to vehicle mice (Fig. 4A). Inducible nitric 

oxide synthase (iNOS) is an enzyme responsible for the generation of nitric oxide (NO), one 

form of ROS. The level of iNOS mRNA expression in the gut was increased by 144% as a 

result of intestinal I/R (Fig. 4B). However, treatment with SRT1720 inhibited the elevation 

of iNOS mRNA expression induced by I/R to the level of the control (Fig. 4B).

SRT1720 inhibits the systemic inflammatory response after intestinal I/R

Intestinal I/R is associated with a significant amount of systemic inflammation compared to 

I/R of other organs. We therefore collected blood 4 h after intestinal I/R and measured 

serum levels of pro-inflammatory cytokine interleukin 6 (IL-6) by ELISA to assess the 

extent of systemic inflammation. The serum IL-6 level was undetectable in the control, but 

increased to 1.56 ±0.27 ng/mL in the vehicle (Fig. 5). Treatment with SRT1720 resulted in a 

43% reduction in serum IL-6 level, compared to the vehicle (Fig. 5). This result indicated 

that the systemic inflammatory response induced by intestinal I/R was attenuated by 

SRT1720 treatment.

SRT1720 attenuates lung injury after intestinal I/R

The lungs are very sensitive to systemic inflammation. We examined the effect of SRT1720 

treatment on lung injury induced by intestinal I/R. At 4 h after intestinal I/R, lung tissue 

demonstrated alveolar collapse, increased alveolar wall thickness and interstitial leukocyte 

infiltration, while these alterations were significantly reduced in the lungs of mice treated 

with SRT1720 at reperfusion (Fig. 6A). Quantification of the lung histologic injury showed 

a 3-fold increase in injury severity, compared to control animals, and a significant reduction 

in injury by 23% after treatment with SRT1720 (Fig. 6B). After observing the immune cells 

infiltrated in the lung tissue, we then assessed MPO activity, an enzyme predominantly 

produced by neutrophils. The MPO activity in the lungs of the vehicle group was increased 

by 11.5-fold, compared to the control (Fig. 6C). After treatment with SRT1720, there was a 

39% decrease in MPO activity in the lung in comparison with the vehicle group (Fig. 6C).

SRT1720 limits lung apoptosis after intestinal I/R

We then examined the effect of SRT1720 treatment on the induction of apoptosis in the lung 

by measuring the level of the cleaved caspase-3, the active form of the enzyme that executes 

apoptosis. At 4 h after intestinal I/R, the level of cleaved caspase-3 in the lung was 

significantly increased by 64% in the vehicle compared to the control group, as determined 

by Western blot (Fig. 7). Treatment with SRT1720 at reperfusion significantly reduced 

caspase-3 cleavage to control levels (Fig. 7).

SRT1720 attenuates organ injury after intestinal I/R

In addition to remote organ injury in the lungs, we evaluated intestinal I/R-induced overall 

organ damage by measuring several serum organ injury markers. At 4 h after intestinal I/R, 

serum levels of AST, ALT, and LDH were increased by 4.8-, 6.5- and 11.2-fold, 

respectively, compared to the control (Fig. 8). Treatment with SRT1720 at reperfusion 

significantly reduced the levels of these organ injury markers by 23%, 24% and 26%, 

respectively, in comparison with the vehicle (Fig. 8).
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DISCUSSION

Intestinal I/R is major contributor to the morbidity and mortality associated with mesenteric 

artery occlusion, aortic surgery, small bowel transplant, and hemorrhagic shock (1, 16). In 

I/R injury, the ischemic phase causes loss of mitochondrial mass and activity resulting in 

cellular apoptosis and necrosis (10). Reactive oxygen species are generated upon 

reperfusion, which are then circulated along with pro-inflammatory cytokines and damage 

associated molecular patterns to distant organs (7). The remote organ injury and systemic 

inflammation of intestinal I/R makes this disease unique and particularly morbid (4). 

Influencing energy metabolism is showing promise in treating I/R (13, 17, 18). However, the 

effects of improved mitochondrial function in intestinal I/R on local organ injury, systemic 

inflammation, and remote organ injury are not well understood. In this study, we show that 

activation of Sirt1 by SRT1720 improves local and remote organ injury after intestinal I/R.

We find that treatment with SRT1720 in the setting of intestinal I/R improves intestinal 

mitochondrial mass and biogenesis. There is an associated protection against gut injury and 

apoptosis, and a reduction in local proinflammatory cytokine production. SRT1720 

treatment also improves systemic inflammation. This in turn is associated with reduced lung 

morphological injury, decreased apoptosis in lung tissue, and improved lung inflammation.

Mitochondrial dysfunction is a consistent finding in I/R injury. Intestinal I/R is associated 

with mitochondrial injury which manifests as the development of mitochondrial swelling 

and a marked decrease in mitochondrial activity (9, 10). A decrease in mitochondrial mass is 

described after I/R injury (13, 18). Sirt1 is a known modulator of mitochondrial biogenesis 

through its interaction with peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC-1α) (11). In fact, treatment with SRT1720 is known to stimulate the 

mitochondrial biogenesis pathway and increase mitochondrial mass in the setting of I/R and 

trauma-hemorrhage (13, 17, 19). SDH is a mitochondrial protein, part of complex II of the 

respiratory chain, the protein levels of which are used as a surrogate for mitochondrial mass 

(20). Herein, we show a significant decrease in SDH after intestinal I/R, which is restored by 

SRT1720 treatment. In addition, treatment with SRT1720 is associated with a significant 

increase in TFAM expression after I/R. TFAM is a high mobility group (HMG)-box 

mitochondrial transcription factor which is responsible for mitochondrial DNA transcription 

and replication (21). The increase in TFAM expression after SRT1720 suggests an 

enhancement in mitochondrial biogenesis as the mechanism of the observed increase in 

mitochondrial mass. In support of this, the protective effects of TFAM over-expression are 

associated with increased mitochondrial mass and activity after myocardial I/R (22).

Apoptosis is a major cell death pathway after intestinal I/R injury. In our study, we show 

that treatment with SRT1720 is associated with a significant decrease in TUNEL-positive 

nuclei after intestinal I/R. SRT1720 is also known to have anti-apoptotic effects in the 

setting of renal I/R (13, 17). Our observed effect may have been mediated through the direct 

action of Sirt1 on P53 (17). The use of caspase inhibitors to block apoptosis is protective 

against intestinal I/R injury (23). Inhibition of apoptosis is linked to an overall decrease in 

gut injury, and systemic and local inflammation after intestinal I/R (24).
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Oxidative stress resulting from intestinal I/R plays a major role in the resulting gut tissue 

injury. Pretreatment with curcumin, a molecule with several biologic properties including 

antioxidant activity, improves intestinal histologic injury and increases superoxide 

dismutase and glutathione peroxidase activities in gut tissue after I/R (25). In this study, we 

find that gut iNOS expression is increased after I/R and is reduced with SRT1720 treatment. 

Previous research shows that inhibition of iNOS by aminoguanidine in LPS-challenged rats 

reduces bacterial translocation and intestinal permeability (26). This suggests that iNOS and 

excessive production of nitric oxide (NO) is detrimental to intestinal integrity. Activation of 

Sirt1 is linked to reduced iNOS in intestinal I/R. Similarly, oral reservatrol (a redox 

scavenger and Sirt1 activator) pretreatment in the setting of intestinal I/R is associated with 

reduced iNOS expression and NO generation (27).

The cell death and injury resulting from intestinal I/R leads to the inflammatory reaction 

observed in the gut after such an insult (2). In fact, enhancing the clearance of apoptotic 

cells after intestinal I/R is promoted as a potential therapeutic strategy against intestinal I/R 

mediated local and systemic inflammation (28). We find that gut TNF-α mRNA is increased 

at 4 hours after intestinal I/R and is reduced by Sirt1 activation at reperfusion. Although we 

sought to measure TNF-α levels in serum, they were undetectable 4 hours after I/R. This is 

consistent with evidence that serum TNF-α levels increase shortly after reperfusion in 

intestinal I/R, but they decrease to baseline within 60 minutes (7). Inhibition of the pro-

inflammatory cytokine TNF-α is promising in reducing local injury from intestinal I/R. In 

an intestinal I/R model, pretreatment with an anti-TNF antibody reduces intestinal 

microvascular injury (6). In a similar study by Guzel et al., pretreatment with infliximab, a 

monoclonal antibody against TNF-α, attenuates the severity of intestinal I/R injury (5). 

Expression of IL-6 and TNF-α can be inhibited by the activity of Sirt1 on NF-κB (29). 

Other studies in intestinal I/R show that nonspecific activation of Sirt1 with icariin 

pretreatment improves gut tissue injury and reduces serum TNF-α and IL-6 production (30).

Systemic release of TNF-α is associated with the development of acute lung injury (6, 7). 

Anti-TNF antibodies decrease lung injury after intestinal I/R. In one study by Caty et al., 

this improvement is independent of neutrophil infiltration (7). In contrast, Koksoy et al. 

shows improvement in both lung injury and neutrophil infiltration with anti-TNF 

pretreatment in a rat intestinal I/R model (6). We show that Sirt1 activation decreases lung 

neutrophil infiltration after intestinal I/R, which correlates with the decrease in TNF-α 

expression in the gut of treated mice. This supports previous research showing that 

inhibition of neutrophil infiltration after intestinal I/R reduces associated lung injury (4). The 

end result of the secondary inflammatory response in the lungs is the induction of cellular 

apoptosis which significantly contributes to lung injury (31). Our results indicate a 

significant decrease in lung apoptosis in SRT1720 treated mice after I/R, which is associated 

with a decrease in histologic lung injury.

Lung injury is a consistent and frequently studied consequence of intestinal I/R (4–7, 32). 

The effects of intestinal I/R on other remote organs vary from organ to organ, with the 

greatest evidence of injury and inflammation in the lung, less in renal and cardiac tissue, and 

minimal effect in the liver (32). In our study, the lung showed the greatest evidence of injury 

and recovery with SRT1720 treatment at 4 hours after I/R, in contrast to general organ 
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injury or systemic inflammation. This may be due to drug dosing or time-point limitations, 

or due to inherent differences in other remote organs and their responses to intestinal I/R 

injury and SRT1720 treatment. We focused on the early immune and metabolic changes to 

intestinal I/R-induced injury at the 4 hour time-point. Further investigation is needed to 

determine whether the intestine or other organs require a longer time to recover from I/R 

injury after Sirt1 activation and whether there is a long-term beneficial effect of SRT1720 

treatment.

In this study, we did not measure gut ATP because of the technical challenge of attaining 

accurate levels in heavily contaminated tissue. However, a correlation between 

mitochondrial mass and ATP levels in renal I/R has been previously established (13, 18). In 

addition, examining the effect of SRT1720 on bacterial translocation may give insight into 

the role of SRT1720 on gut barrier function and further explain the observed effects on lung 

injury (33). The decreases in the local and systemic injury markers were not optimal, which 

may have been due to dosing limitations. SRT1720 dosing was limited in part by its 

hydrophobicity, which necessitated DMSO in the solution for adequate solubility and we 

were not able to increase the dose of SRT1720 beyond 20mg/kg for this reason. According 

to Montaguti et al., there is no observed toxicity at 1.0ml/kg DMSO and in this study we 

used 0.8ml/kg DMSO (10% DMSO in 200μl) (34). Additionally, 10% DMSO is a 

commonly used solvent to dissolve hydrophobic compounds in animal studies (35). 

Unfortunately, there is no inactive small molecule isotype for SRT1720 to use as an 

additional control. In addition, delineating a dose response, therapeutic window, and effect 

on survival would likely shed light on the clinical utility of SRT1720 in the setting of 

intestinal I/R.

In summary, we show that post-treatment pharmacologic activation of Sirt1 in the setting of 

intestinal I/R improves mitochondrial mass and biogenesis in the gut, decreases oxidative 

stress in the gut, reduces gut and lung injury and apoptosis, and reduces local and systemic 

inflammation. Given that sirtuin activating compounds are moving into the clinical arena, 

activation of Sirt1 may be a promising treatment in intestinal I/R.
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Figure 1. Effect of SRT1720 on gut mitochondrial biogenesis after intestinal I/R
Gut tissue from control, vehicle and SRT1720 treatment groups were collected 4 h after 

intestinal I/R to measure the expression of (A) succinate dehydrogenase (SDH) protein by 

Western blot and (B) mitochondrial transcription factor A (TFAM) mRNA by RT-PCR. 

Expression levels were normalized to β-actin, and the value in the control group is 

designated as 1 for comparison. Data are presented as mean ± SE (n=4–7/group) and 

compared by one-way ANOVA and SNK. *P < 0.05 vs. control; #P < 0.05 vs. vehicle.
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Figure 2. Effect of SRT1720 on gut architecture after intestinal I/R
Sections of proximal jejunum from control, vehicle and SRT1720 treatment groups were 

collected 4 h after intestinal I/R and stained with hematoxylin-eosin. (A) Representative 

photomicrographs are at 100× magnification. Arrows indicate lifting of mucosal epithelium. 

(B) The semiquantitative histologic injury was scored as described in Materials and 

Methods. Data are presented as mean ± SE (n= 3/group) and compared by one-way 

ANOVA and SNK. *P < 0.05 vs. control; #P < 0.05 vs. vehicle.
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Figure 3. Effect of SRT1720 on gut apoptosis after intestinal I/R
Proximal jejunum from control, vehicle, and SRT1720 treatment groups were collected 4 h 

after intestinal I/R and subjected to TUNEL assay. (A) Representative photomicrographs 

show TUNEL-positive (green) and DAPI (blue) staining for the nucleus at 200× 

magnification. (B) A graphical representation of TUNEL-positive staining cells averaged 

over 10 villi/animal. Data are presented as mean ± SE (n= 4/group) and compared by one-

way ANOVA and SNK. *P < 0.05 vs. control; #P < 0.05 vs. vehicle.
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Figure 4. Effect of SRT1720 on gut inflammation and oxidative stress intestinal I/R
Gut tissue samples from control, vehicle, and SRT1720 treatment groups were collected 4 h 

after intestinal I/R to measure the expression of (A) TNF-α and (B) iNOS mRNA by RT-

PCR. Their expression levels were normalized to β-actin. The value in the control group was 

designated as 1 for comparison. Data are presented as mean ± SE (n=4–7/group) and 

compared by one-way ANOVA and SNK. *P < 0.05 vs. control; #P < 0.05 vs. vehicle.
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Figure 5. Effect of SRT1720 on systemic inflammation after intestinal I/R
Serum samples from control, vehicle, and SRT1720 treatment groups were collected 4 h 

after intestinal I/R to measure the levels of IL-6 by ELISA. Data are presented as mean ± SE 

(n=4–7/group) and compared by one-way ANOVA and SNK. *P < 0.05 vs. control; #P < 

0.05 vs. vehicle. N.D.: Not Detectable.
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Figure 6. Effect of SRT1720 on lung architecture and neutrophil infiltration after intestinal I/R
Lung tissue samples from control, vehicle, and SRT1720 treatment groups were collected 4 

h after intestinal I/R. (A) Representative photomicrographs of the lung sections stained with 

hematoxylin-eosin are at 100× magnification. (B) The semiquantitative histologic injury of 

the lung tissues was scored as described in Materials and Methods. (C) Lung tissue 

myeloperoxidase (MPO) activity was determined spectrophotometrically. Data are presented 

as mean ± SE (n= 4–7/group) and compared by one-way ANOVA and SNK. *P < 0.05 vs. 

control; #P < 0.05 vs. vehicle.
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Figure 7. Effect of SRT1720 on lung apoptosis after intestinal I/R
Lung tissues from control, vehicle, and SRT1720 treatment groups were collected 4 h after 

intestinal I/R to measure the expression of cleaved caspase-3 by Western blot. Band 

intensity was quantified with densitometry and normalized to β-actin. Representative 

Western blots are shown. Data are presented as mean ± SE (n= 4–7/group) and compared by 

one-way ANOVA and SNK. *P < 0.05 vs. control; #P < 0.05 vs. vehicle.
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Figure 8. Effect of SRT1720 on organ injury after intestinal I/R
Serum samples from control, vehicle, and SRT1720 treatment groups were collected 4 h 

after intestinal I/R to measure (A) AST, (B) ALT and (C) LDH. Data are presented as mean 

± SE (n=4–7/group) and compared by one-way ANOVA and SNK. *P < 0.05 vs. control; #P 

< 0.05 vs. vehicle.
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